C-11 acetate PET imaging allows quantification of myocardial oxidative metabolism. We sought to assess the reproducibility of such analysis with the Carimas software.
Introduction
Metabolic imaging of myocardium can provide insights into pathophysiology of myocardial ischaemia and heart failure. 1 A PET tracer C-11 acetate was proposed 2, 3 and is currently used to probe myocardial oxidative metabolism. 4 The tracer-avidly taken up by myocardial cells-enters the process of mitochondrial oxidation and is ultimately cleared from the myocardium in the form of C-11 carbon dioxide ( 11 CO 2 ). 1 The clearance rate constant, k mono -calculated from fitting a mono-exponential function to a C-11 acetate clearance curve-is considered a robust index of myocardial oxygen consumption rate. 3, 5 In our study, we aimed at evaluating the C-11 acetate analysis reproducibility using the Carimas analysis software. Carimas-an image analysis software developed at the Turku PET Centre (Finland)-calculates k mono and provides results for global, regional, and segmental levels. Good reproducibility of this software has been already established for three perfusion tracers: O-15-labelled water, 6 N-13 ammonia, and rubidium-82. 7 By reproducibility, we mean that (i) analysis results must agree with values provided with existing validated methods; (ii) different observers must get close values across the studied levels of myocardium; (iii) results must be repeatable in the same observer over time; and (iv) lack of experience must not prevent users from obtaining correct values.
All these issues were explored in this study.
Methods
The PET imaging data
We used 53 C-11 acetate PET studies from 18 patients studied at baseline, after acipimox, and after trimetazidine/placebo analysed and published by Tuunanen et al. 8, 9 Each subject in the study 8 fasted for 6 h and abstained from coffee, tea, and tobacco for minimum 12 h. Myocardial oxidative metabolism was studied with C-11 acetate given as an intravenous bolus with a simultaneous start of a 29-min dynamic emission scan-10 × 10 s, 1 × 60 s, 5 × 100 s, 5 × 120 s, and 2 × 240 s-in the whole body PET scanner (GE Advance, General Electric, USA). All the PET data were corrected for dead time, decay, and measured photon attenuation; images were processed with the standard reconstruction algorithm (for the details of the patient preparation and image acquisition, see the original paper). 8 
The image analysis
Two identical datasets-each containing all the 53 anonymized studies under different codes-were analysed by two blinded observers. The observers differed in experience: Observer 1 (Obs1) was a novice introduced to nuclear medicine few months before the analysis, and Observer 2 (Obs2) was an experienced nuclear medicine physician with over 10 years of experience. Before the image analysis, both the observers received the identical training.
The image analysis in Carimas (v1.0) followed the steps of reorientation, short-axis definition, segmentation, region of interest (ROI) creation, frame selection, and modelling, as described in 2009 by Nesterov et al. 6 Each observer performed the analysis of each study-using the same frames for the mono-exponential fit as described by Tuunanen et al.
8
-in both the datasets and consequently produced two repeats for every study.
The clearance rate constant-k mono -was calculated on three levels: global-for the whole myocardium, regional-for the coronary artery territories left anterior descending artery (LAD), left circumflex artery (LCx), and right coronary artery (RCA), and segmental-for the 17-segment model (AHA). 10 Each study produced four sets (two repeats by two observers) of 21 k mono values-one global, three territorial, and 17 segmental.
The reference analysis method
In Tuunanen et al., 8, 9 one ROI covering the entire left ventricle (the 'horseshoe' ROI) was manually drawn on four mid-ventricular transaxial planes in the YaIT software then widely used at Turku PET Centre; a mono-exponential fit was applied to a C-11 acetate clearance curve and global k mono -s were calculated.
Statistical analysis
To estimate agreement of our analysis with the reference method, we calculated biases and coefficients of repeatability from Bland-Altman (BA) plots 11 as well as Pearson correlation coefficients (r) and coefficients of determination (R 2 ) for the appropriate (global) level. However, to analyse all the complex and multidimensional results received by our observers, we used linear mixed models (LMMs) for repeated measures as described by Davis. The reproducibility analysis of C-11 acetate PET
The interpretation of the ICC values was based on the criteria proposed by Fleiss, 13 and ICC values over 0.80 represented very good agreement. As there were no such straightforward criteria for the differences, we considered statistically significant (at P , 0.05) differences clinically insignificant if they were ,20% of the corresponding average values. This cut-off value was influenced by the test-retest repeatability of 20 -25% for rest myocardial blood flow and myocardial flow reserve reported recently using 82 Rb PET. 14 
Results
The compared k mono values and Pearson r-s from correlating the repeats-intraobserver correlation-are summarized in Table 1 .
Carimas vs. reference
Global k mono values were only available for the reference. As intraobserver differences in global values were insignificant (P ¼ 0.84 in Obs1 and P ¼ 0.92 in Obs2), we averaged 53 k mono values from both repeats in both the observers and plotted them against 53 k mono values of the reference ( Figure 1A) ; also, we created the BA plot ( Figure 1B) . The values of R 2 for the observers 1 and 2
were 0.944 and 0.943, and the slope values (m)were 0.86 and 0.85, correspondingly. The BA plot had biases of 210.6% for the Obs1 and 29.4% for the Obs2; coefficients of repeatability were 11.2% in both the observers. The mixed model produced almost the same differences-reference k mono values-were higher by 10.7% values of Obs1 and by 9.6% of Obs2 ( Table 2) .
Carimas interobserver reproducibility
Parameters of interobserver reproducibility are shown in Figure 2 : the ICC values ( Figure 2A ) and the differences ( Figure 2B) ; statistically significant differences are given in Table 2 . The global ICC was 0.994; the regional ICC values-above 0.96; all but two segmental values-seg2 (0.651) and seg8 (0.777)-were above 0.88. The global interobserver difference was 21.1 + 0.7% and was statistically significant (P ¼ 0.003). Among the regional differences, only that of LAD was significant: 22.2 + 1.5%.
Carimas intraobserver reproducibility
Parameters of intraobserver reproducibility are shown in Figure 3 : the ICC values ( Figure 3A ) and the differences ( Figure 3B) ; statistically significant differences are provided in There were no significant global differences between the repeats for both the observers; neither there were significant regional differences for Obs2. Significant regional differences existed for Obs1 in LAD and LCX, both ,1.5% of the corresponding average values.
Discussion
To assess reproducibility of C-11 acetate PET analysis with the Carimas software, we probed four issues in this study: first, agreement of Carimas values to those of the reference method; second and third-inter-and intraobserver repeatability of the analysis; and fourth, influence of PET analysis experience on the results. We found that, on the entire myocardium level, results from both our observers agreed with those obtained earlier 8 with the reference method: they were highly correlated-R 2 over 0.94; they differed by an acceptable value-were lower by 10%, and had reasonable coefficients of repeatability-11.2%. The existence of this minor and acceptable difference does not witness to any absolute variation of our k mono values, however. The 'horseshoe ROI' approach, used in the reference method, 8 did not utilize the entire LV myocardium to calculate k mono values, as Carimas, but did calculate the values in four slices of the image; so, this 10% difference is a minor, acceptable and relative difference between the approaches. The reproducibility-both inter-and intraobserver-was high: for the global level, all the ICCs were over 0.99, and the maximum difference was 1.1%; for the regional level, all the ICCs-over 0.96, the maximum difference-2.2%. Moreover, even the reproducibility at the segmental level-though extremely rarely, yet, coming up in some studies 6 -was very good, except in two segments-the second and the eighth-where it was satisfactory. In addition, the Table 2 Statistically significant (at P < 0.05) differences obtained in the study
Difference from reference (%) Intraobserver difference (%) Interobserver difference (%)
The reproducibility analysis of C-11 acetate PET experience in PET analysis had little, if any, effect on the ability of a user to get highly reproducible results.
Comparing results of this study with reproducibility analysis we did with other tracers, 6, 7 we see that C-11 acetate PET analysis has indeed the best reproducibility-higher correlation coefficients, lower differences, and coefficients of repeatability. We attribute this phenomenon to robustness of the very method of analysis used. The method estimates myocardial oxidative metabolism by its established proxy-the k mono index-a clearance rate constant of a mono-exponential function fitted to a C-11 acetate clearance curve. This relatively simple index is considered robust as myocardial kinetics of C-11 acetate is relatively insensitive to changes in the substrate environment, diverse loading conditions, and levels of blood flow. 
Conclusions
The present study showed excellent reproducibility of C-11 acetate PET for myocardial oxidative metabolism analysis with Carimas. The user experience did not have a noticeable effect on the ability of the user to get highly reproducible results. The results of this study agreed well with those obtained earlier with the reference method.
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